Twenty-five serial passages of Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus and 50 passages of methicillin-resistant Staphylococcus aureus resulted in no significant increase in NVC-422 MICs, while ciprofloxacin MICs increased 256-fold for E. coli and 32-fold for P. aeruginosa and S. aureus. Mupirocin, fusidic acid, and retapamulin MICs for MRSA increased 64-, 256-, and 16-fold, respectively. No cross-resistance to NVC-422 was observed with mupirocin-, fusidic acid-, and retapamulin-resistant strains.
M
ultiple-passage studies determine the effect of selective pressure of antibiotics on microorganisms (15) , resulting in cumulative acquisition of mutations at the genetic level (3, 5, 6, 13) . The development of resistance is a result of the frequency of mutation, the number and type of mutations required to express resistance, the potency and concentration of the treating drug, and other factors (9, 10, 14) . Currently, there is an unmet medical need for novel antimicrobial agents that are effective against resistant pathogens (14, 18) .
NVC-422 (N,N-dichloro-2,2-dimethyltaurine) (20) is active against Gram-positive and Gram-negative bacteria (including drug-resistant pathogens), fungi, and viruses (21) . NVC-422 mechanism-of-action studies (22) indicate that it kills microorganisms by inactivating proteins via oxidative modification of Met and Cys. This mechanism differentiates NVC-422 from antibiotics by attacking multiple targets, thereby making it highly unlikely for microorganisms to develop resistance.
NVC-422 is currently in clinical development for impetigo, urinary catheter blockage and encrustation, and adenoviral conjunctivitis.
In this study, we investigated the propensity of NVC-422 to select for resistance by passaging bacteria at subinhibitory concentrations. Representative organisms Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and methicillin-resistant S. aureus (MRSA) were selected (1, 3, 12, 17) . Ciprofloxacin was selected as a broad-spectrum comparator. Mupirocin, fusidic acid, and retapamulin were selected as comparators against MRSA, as these antibiotics are used for the treatment of topical infections (6, 18, 19) .
The synthesis of NVC-422 has been described previously (20) . The purity of NVC-422 was 99.83% by high-performance liquid chromatography (HPLC). The stabilities of NVC-422 (100 g/ ml) in cation-adjusted Mueller-Hinton broth (CAMHB) and M9 minimal medium were tested at 37°C using the Agilent HPLC-1200 system (Agilent Technologies, Palo Alto, CA) with a diode array UV detector.
E. coli ATCC 25922, S. aureus ATCC 29213, and MRSA ATCC 33591 were purchased from the American Type Culture Collection (ATCC, Manassas, VA); P. aeruginosa PAO1 was obtained from Queen's University (Kingston, Ontario, Canada). All strains were grown on tryptic soy agar (Difco Laboratories, Detroit, MI) at 37°C. Antibiotics were obtained from MP Biomedical (Santa Ana, CA), Sigma-Aldrich (St. Louis, MO), and APAC Pharmaceuticals, LLC (Columbia, MD).
Determination of MICs was in accordance with the Clinical and Laboratory Standards Institute (CLSI) methodology (4) for using CAMHB or M9 medium (Teknova, Hollister, CA). In order to detect incremental changes in drug susceptibility, an extended gradient was created by combining two sets of 2-fold serial dilutions from two different starting concentrations (16.38 mg/ml and 12.28 mg/ml) for NVC-422, which extended over two rows of the 96-well plate. Serial passage experiments were performed using a published method (7) .
Due to the reactive nature of NVC-422, there was the possibility that its activity would be quenched with media. To evaluate this possibility, we tested the stabilities of NVC-422 in CAMHB and M9 medium using HPLC. At 37°C, the half-life (t 1/2 ) of NVC-422 was less than 10 min in CAMHB. NVC-422, however, showed a much longer t 1/2 (10 h) in M9 medium. The rate of kill for NVC-422 is rapid, with complete kill of S. aureus and E. coli in Ͻ5 min (21) , making testing in the media relevant despite the short t 1/2 . The MICs of NVC-422 in M9 minimal medium were 4 g/ml and 64 g/ml for E. coli and P. aeruginosa, respectively. The MICs of NVC-422 in CAMHB were 256 g/ml for E. coli and 384 g/ml for S. aureus and MRSA. The higher MIC of NVC-422 obtained with testing in CAMHB than with testing in M9 medium is the result of the shorter t 1/2 of NVC-422 in CAMHB. To maximize bacterial exposure time and minimize the quenching of NVC-422 activity, we conducted resistance studies with Gram-negative bacteria in M9 minimal medium.
Multiple independent cultures were tested for each organism to enhance the probability of resistance development. A control organism previously unexposed to the antimicrobials was run at every passage. Strains with decreased susceptibility to ciprofloxacin were generated by 25 serial passages of E. coli, P. aeruginosa, and S. aureus and were 256-fold less susceptible for E. coli and 32-fold less susceptible for P. aeruginosa and S. aureus. Strains with decreased susceptibility to mupirocin, fusidic acid (Fig. 1) , and retapamulin were generated by serial passages of MRSA (4-to 32-, 128-to 512-, and 4-to 16-fold decreases, respectively, over 25 passages for mupirocin and fusidic acid and over 50 passages for retapamulin) ( Table 1 ). This decrease in susceptibility corresponds to low-level resistance (MICs of 8 to 64 g/ml) (16) to mupirocin and high-level resistance (MICs of Ͼ128 g/ml) (2, 16) to fusidic acid as defined by CLSI. While there are no CLSI breakpoints for retapamulin, the MICs of generated mutants (2 to 8 g/ml) were above the EUCAST epidemiological cutoff value for retapamulin of Ͻ0.5 g/ml. Mutants with retapamulin MICs of 4 to 16 g/ml for S. aureus isolates, including MRSA, were generated in previously reported passage studies (6, 13) . The decrease in susceptibility was most rapid for fusidic acid, where the MIC was already increased 16-fold on passage 3. The development of resistance to retapamulin was slower, consistent with reported results (6, 8, 13, 18) . It took 34 passages for the MIC of retapamulin against MRSA to increase 16-fold. Equal numbers of independent cultures were passaged with NVC-422 for 25 passages in E. coli, P. aeruginosa, and S. aureus and for 50 passages in MRSA (Table 1) . No significant (Ͼ2-fold) increase of the NVC-422 MIC was observed for any of these organisms (Table 1 and Fig. 1 ). The baseline MICs of NVC-422 were 4 g/ml and 64 g/ml for E. coli and P. aeruginosa, respectively, with testing in M9 minimal medium and 384 g/ml for S. aureus and MRSA with testing in CAMHB. The maximal increase in NVC-422 MIC observed in these studies was the 2-fold increase to 768 g/ml for MRSA (Table 1). These concentrations are within the therapeutic range, considering that 1.5% NVC-422 gel (15,000 g/ml) was determined to be safe and efficacious in the impetigo clinical trial (11) .
No cross-resistance to NVC-422 was observed between fusidic acid-resistant strains, mupirocin-resistant strains, or retapamulin-resistant strains generated by serial passages. Additionally, no cross-resistance was observed between the three control antibiotics (data not shown).
In summary, our study confirms that development of resistance to NVC-422 is highly unlikely. This observation, combined with broad-spectrum, rapid microbiocidal activity, makes NVC-422 a desirable agent for topical antimicrobial therapy. 
